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Spin-polarized Dirac-cone-like surface state with d character at W(llO) 
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The surface of W(llO) exhibits a Dirac-cone-hke state with d character within a spin-orbit-induced 
symmetry gap. As a function of wave vector parallel to the surface, it shows nearly massless energy 
dispersion and a pronounced spin polarization, which is antisymmetric with respect to the Brillouin 
zone center. In addition, the observed constant energy contours are strongly anisotropic for all 
energies. This discovery opens new pathways to the study of surface spin-density waves arising from 
a strong Fermi surface nesting as well as d-electron-based topological properties. 

PACS numbers: 73.20.At, 71.70.Ej, 



Spin manipulation without external magnetic fields is a 
key requirement to revolutionize functionalities of current 
electronic devices. Spin-split energy-band structures in- 
duced by strong spin-orbit coupling in nonmagnetic ma- 
terials such as Rashba systems and topological insulators 
have attracted great attention for their promising dissipa- 
tionless spin current transport In particular, spin 

characters of surface states have been discussed in detail. 
New fascinating ideas are based on helical spin struc- 
tures connected to Dirac-cone-like surface states 0. So 
far, sp-elcctron materials with a single Dirac cone have 
been extensively studied. Although Ir oxide has been 
predicted to have non-trivial d-derived states @, it has 
not been confirmed experimentally so far. Thus a ma- 
terial with c?-derived topologically non-trivial states re- 
mains yet to be explored. Possible strong correlation 
effects among d electrons in topological insulators could 
be important scientific targets. Angle-resolved photoe- 
mission spectroscopy (ARPES) with spin resolution has 
been proved to be the most powerful tool to characterize 
the spin-split energy bands of the low-index surfaces of 
metals and topological insulators ■ 

Tungsten is well known as the prototype material for 
spin-orbit coupling effects appearing, e.g., in spin- polar- 
ized low-energy-clcctron diffraction (LEED), which has 
been utilized for analyzing the electron spin polarization 
for decades [ll|. The substantial spin-orbit coupling of 
the tungsten substrate promotes a chiral magnetic or- 
der in the adsorbed Mn lattice through Dzyaloshinsky- 
Moriya interaction as demonstrated by spin-polarized 
scanning tunneling microscopy [l2| . There have been ex- 
tensive ARPES studies on surface states of clean and 
hydrogen-covered W(llO) p^l - [l9| . In the latter case, 
Rashba-type spin-split bands were observed [17 1 . 

In this letter, we show the first experimental evidence 
of nearly massless and strongly spin-polarized surface 
states in a spin-orbit induced symmetry gap of W(llO). 
Our spin- and angle-resolved ARPES study reveals that 
the spin polarization is antisymmetric with respect to the 



r point. The constant-energy cuts of this Dirac-cone-like 
state are found to be strongly fiattened compared with 
what has been observed in the sp-electron-based surface 
Dirac cone at the (111) surface plane of some Bi-bascd 
chalcogenides |20l - [2^ . These findings can be a platform 
for future studies on strongly correlated d-electron-based 
topological insulators. 

A clean surface of W(llO) was obtained by repeated 
cycles of heating in an oxygen atmosphere (2 x 10~^ to 
2 X IQ-'^Pa) at 1500 K and a subsequent flash to 2300 K. 
During the flash, the pressure stayed below 5 x 10~^ Pa. 
This cleaning procedure was effective to remove contami- 
nants such as carbon and oxygen from the surface as con- 
flrmed by Auger electron spectroscopy as well as a very 
sharp (1 X 1) LEED pattern. The ARPES experiment was 
performed by using linearly polarized undulator radiation 
on the beamline (BL-1) of the Hiroshima Synchrotron 
Radiation Center (HiSOR). The electric field vectors can 
be switched between parallel (p-polarization) and per- 
pendicular (s-polarization) to the plane spanned by the 
surface normal and photoelectron propagation vectors as 
schematically shown in the left part of Fig. 1 (a). The 
overall experimental energy and angular resolutions were 
set to 15 meV and 0.1°, respectively. The spin-resolved 
ARPES experiment was performed with a high-flux He- 
discharge lamp and with a home-built Mott-type spin po- 
larization detector attached to a commercial hemispheri- 
cal electron-energy analyzer j23j . Total energy and angu- 
lar resolutions were set to 100 meV and 2°, respectively. 
The geometry of the spin-resolved ARPES experiment 
is described in the right part of Fig. 1 (a). The an- 
gle of light incidence was 50° relative to the lens axis 
of the electron analyzer. The spin polarimeter can mea- 
sure the spin component normal to the plane spanned by 
two vectors directed along light propagation and photo- 
electron emission. The photoelectron emission angle 
is measured from the surface normal. The sign of 9 is 
deflned as positive (negative) when the surface normal 
is moved toward (away from) the light propagation vec- 
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FIG. 1: (color online) (a) Schematic illustration of experimen- 
tal geometries for ARPES using synchrotron radiation (left) 
and spin-resolved ARPES using a He discharge lamp (right). 
(b),(c) Energy band dispersion curves of W(llO) along FS 
measured with p-polarized synchrotron radiation light of hu 
= 22.5 eV and 43 eV. (d) Magnified ARPES energy dispersion 
curve with enhanced momentum resolution for the crossing 
point of Si. (e) Intensity maxima plot for one branch of 5*1 
obtained from momentum and energy distribution curves in 
(d). The hatched area in Fig. 1(e) shows the bulk continuum 
states outside the symmetry gap. 



tor. All measurements have been performed at a sample 
temperature of 100 K. 

The energy dispersion curves taken at hv = 22.5 cV 
along the FS line (Fig. 1(b)) show four characteristic 
surface states {A, B, Si, S[). As interpreted in a former 
ARPES study, the surface states A and B originate from 
the surface dangling bonds [l^ . We proved their surface 
character by exposing the surface to small amounts of 
adsorbates, which caused the states to disappear. The 
presence of these states thus confirms the surface clean- 
liness in the present work. We note here that the surface 
band 52 appears (partly near 5*^) for hv = 43 eV, while 
it is absent for hv = 22.5 eV. 

Figure 1 (d) shows the ARPES energy dispersion curve 



measured with enhanced momentum resolution for Si 
and Fig. 1(e) highlights its intensity maxima plot of one 
branch of Si obtained from momentum and energy dis- 
tribution curves in the limited momentum space. The 
hatched area in Fig. 1(e) marks the bulk continuum 
states outside the symmetry gap. The surface state 
shows almost massless (linear) energy dispersion around 
the f point (-0.1 < fc|| <0.1 A~^) and a Dirac-point- 
like band crossing at 1.25 eV. It starts to deviate from 
the linear behaivor from 1.1 eV above the crossing point 
(upper branch) and it touches the bulk continuum states 
at 1.4 eV for the lower branch. Note that the linear 
band dispersion is persistent in the wide energy region of 
^ 220 meV (1.14-1.36 eV). This situation is even larger 
than the most studied topological insulator Bi2Se3 (^ 
150 meV) 

It is found that the binding energy (Eb) of 5*1 does not 
change as a function of incident photon energy, which 
confirms its two-dimensional nature and is consistent 
with the previous normal-emission result [isj . In addi- 
tion, the previous work suggests that this band 5*1 exists 
in the symmetry gap of the projected bulk band induced 
by spin-orbit interaction. The present work is focused 
on this surface state Si, which exhibits a Dirac-cone-like 
band dispersion. 

To unravel the spin characters of these nearly massless 
energy dispersions, we have performed spin- ARPES mea- 
surements. Figures 2(a) and 2(b) show the spin-resolved 
energy distribution curves (EDCs) in the region of Eb = 
to 2.7 cV for 0° < 61 <+U° and 0° > 6* >-13°. Here, 
the spin-up and spin-down spectra are plotted with tri- 
angles pointing up and down, respectively. In the EDC 
for normal emission, three features are observed at bind- 
ing energies (Eb) of 1.8 eV, 1.25 eV and just below the 
Fermi level (Ep) in both spin channels. The broad fea- 
ture centered around 1.8 eV shifts to higher Eb as \6\ 
increases, while the feature at Ep does not shift for 16*1 < 
4°. Since these features arc broad, almost spin degener- 
ate, and change as a function of hv (sec ARPES results), 
they can be assigned to bulk continuum states. For the 
prominent peak Si, the spin- up and spin-down features 
appear at the same Eb (= 1.25 eV), yet with different in- 
tensities, at = 0° . More importantly, the spin- up peak 
shifts to lower Eb with increasing 6 from 0° to 8°, while 
the spin-down peak shifts to higher Eb (Fig. 2(a)). For 
negative angles, we observed the same i?(k||) dispersion 
but with opposite spin polarization (Fig. 2(b)). This re- 
sult clearly shows that the 5*1 band is spin split and the 
spin orientation is antisymmetric with respect to the F 
point, which is reminiscent of the surface Dirac cones of 
3D topological insulators. 

Let us now take a closer look at the Si band. In go- 
ing from 0° to -1-8° (-8°), the spin-down (spin-up) in- 
tensity gets gradually smaller, is merged into the bulk 
state and its spin polarization is weakened. The spin- 
up (spin-down) component shows small intensity until 9 
reaches -|-8° (-8°) and the intensity is enhanced at -1-10° 
(-10°) (see peak S'l at Eb = 0.4 eV) and approaches 
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FIG. 2: (color online) (a), (b) Spin-resolved energy distribution curves (EDCs) of W(llO) for positive and negative emission 
angles along the FS line excited with unpolarized He-la light {hu — 21.2 eV). Spin-up and spin-down intensities are marked with 
triangles pointing up (red) and down (blue), (c) ARPES results obtained by p-polarized synchrotron radiation light {hv — 22.5 
eV). The contour plot is superimposed by triangles pointing up and down indicating the spin character of the corresponding 
spectral features, as derived from spin-resolved spectra in Figs. 2(a) and 2(b). Here, the non spin-polarized peaks are denoted 
by squares (black), (d) Schematic E vs fcy dispersion of 5*1 and B states without and with spin-selective hybridization. 



Ef as shown m Fig. 2 (a) (Fig. 2(b)). In Fig. 2(c), 
we have assigned spin characters to the dominant spec- 
tral features in the contour plot of Fig. 1(b) by up- and 
down-triangles. The assignments are based on the dom- 
inant spin polarization of the features in Figs. 2(a) and 
2(b). 

Now we remark on the photoemission intensity of 5*1 . 
In the spectra obtained with unpolarized light, the spin- 
down intensities are larger than the spin-up intensities for 
\9\ < 8°, in particular for 6 = 0°. This spectral intensity 
modulation is consistent with that in the spin-integrated 
measurements. To find out the reason for this intensity 
asymmetry, we performed ARPES measurements with 
p- and s-polarized light {hiy = 22.5 eV). The result for 
s-polarized light (not shown here) exhibits comparable 
intensities for both branches, whereas one branch (pre- 
dominantly spin-down) has much larger intensity for ex- 
citation with p-polarized light (Fig. 2(c)). It is known 
that the use of different light polarizations (s ot p) and/or 
different light incidence angles for unpolarized light result 
in different photoemission intensities. These experimen- 
tal parameters enter the matrix elements for the opti- 
cal transitions. The square of the matrix elements, in 
turn, determines the experimentally observed intensity 
[U, [25|. We thus conclude that the asymmetric inten- 
sities with respect to f in Figs. 2(a) and 2(b) originate 
from the matrix-element effects as a consequence of the 



experimental geometry. 

We notice from Figs. 1(c) and 2(a-c) that there is a 
spin-dependent hybridization between the Si and the B 
band near fc|| = 0.3 {Eb = 0.85 eV) as schemati- 
cally shown in Fig. 2(d). At low Eb far from the hy- 
bridization point, the state B does not show spin polar- 
ization. B moves to higher Eb with increasing \9\ and, 
depending on the sign of 9, acquires negative or posi- 
tive spin polarization for \9\ > 8°, where the Si and B 
bands cross each other. Since the upper cone of Si shows 
only one spin component for each fc|| direction, only one 
spin component of B can hybridize. Consequently, the 
other spin component of B does not hybridize with Si 
(see Fig. 2 (d)). As a result of the avoided crossing and 
the hybridization-gap formation in one spin component, 
two peaks appear at Eb = 0.4 (S'l) and 1.0 cV {Si) in 
the spin- up and spin-down channel for 9 = 8° and -8°, 
respectively (see the spin resolved EDCs at 9 = ±8° in 
Figs. 2(a) and 2(b)). A careful analysis of the intensity 
behavior of S'l with increasing \6\ shows decreasing inten- 
sity upon approaching the hybridization gap, followed by 
a transfer of intensity to the S-^ branch. A similar case 
of spin-selective hybridization was reported for quantum 
well states in Bi/Ag(lll) 

The present interpretation is supported by previous 
reports on the H-covered W(llO) surface. Once the dan- 
gling bonds are terminated by H atoms, both surface 



FIG. 3: ARPES results obtained with p-polarized synchrotron radiation light (/i!^=43 eV). (a), (b) Energy dispersion curves 
along rS and FH. (c) Constant energy contours at several energies from to 300 meV above the crossing point, (d)-(f) Selected 
constant energy contours at 300 meV, 200 meV and 100 meV. 



states A and B disappear. The former report shows 
that Si becomes connected to the surface band 5*^ in 
the absence of hybridization with state B [l^. A fur- 
ther photoemission study on H-W(llO) employed spin 
resolution [13] • It was shown that the surface states 
on the hydrogen-covered surface were indeed gspin split 
and spin-polarized by the spin-orbit interaction in asso- 
ciation with the loss of inversion symmetry near a sur- 
facch. The spin polarization was measured for two differ- 
ent bands corresponding to Si and 52 in our present no- 
tation, yet modified by hydrogen adsorption as described 
above. Due to the limited momentum and energy reso- 
lution (~300 meV) at that time, the spin polarization at 
the lower branch was hardly resolved. In addition, a lin- 
ear dispersion behavior was not identified in the former 
work. In the present work, the distinct spin polarization 
at both upper and lower branches is clearly revealed (see 
Fig. 2(a)-(c)), as well as a linear dispersion behavior with 
a crossing point at T. Both observations provide clear 
evidence of Dirac-cone-like states at the clean W(llO) 
surface. 

Two-dimensional slices in k space (-0.87 < k^, ky 

< 0.87 A~^) at several constant energies starting from 
the crossing point at £^^=1.25 eV are shown in Fig. 3. 
The whole set of images has been acquired within one 
hour in order to avoid a possible energy shift by charge 
transfer from adsorbates as observed in other systems 
[27| . In fact, we have observed an energy shift of up 
to 100 meV for Si, when the sample was measured in 



ultra-high vacuum for more than six hours. A diamond- 
shaped constant energy contour is observed at 200 meV 
above the crossing point. Upon approaching the cross- 
ing point, the size of the contour becomes smaller. At 
higher energy from the crossing point, we find a dis- 
torted hexagon in the constant energy contour, see Fig. 
3(d) at 300 meV. This shape reflects the two- fold sym- 
metry of the W(llO) surface. There are pairs of parallel 
lines in the constant energy contours along the FS direc- 
tion. The shape of the constant-energy contour is highly 
suggestive of spin-density-wave formation derived from 
strong nesting as discussed for Bi2Te3 and Bi2Se3 f28l . [29| . 
Moreover, we find quite anisotropic group velocities of 
Vg = (1.4±0.1)xl05 and (1.6 ±0.1) x 10'"^ m/s around the 
crossing point (—0.1 < k|| < 0.1 A~^) along FS and 
FH, respectively. Both of them are almost half compared 
to those in the sp-like surface states of Bi chalcogenides 

Sin [13. 

In summary, a nearly masslcss energy dispersion 
curve formed by d electrons at the W(llO) surface 
has been observed by high- resolution ARPES. The 
two-dimensional constant energy contours clearly show 
strongly anisotropic features whose size and shape change 
as a function of energy. This anisotropic Dirac cone on 
the W(llO) surface is found to be strongly spin polar- 
ized with anti-symmetric spin polarization with respect 
to the surface Brillouin zone center by spin-resolved mea- 
surements. With increasing fcy, this spin-polarized mass- 
less surface band shows spin-selective hybridization with 
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a non-polarized surface resonance, i.e., a hybridization 
gap opens for one spin component only. The discovered 
anisotropic Dirac cone on the W(llO) surface paves the 
way to the study of peculiar topologies in k space with 
interesting spin textures. The present system provides 
information beyond normal sp-type Rashba systems and 
topological insulators because of the d-character of the 
involved electronic states. 
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